Abstract. In the present study, we investigated the effect of low-frequency electroacupuncture (EA) on the differentiation of bone mesenchymal stem cells (BMSCs) into chondrocytes and the molecular mechanism involved. We isolated BMSCs from Sprague-Dawley (SD) rat bone marrow. Third-generation SD rat BMSCs (P3 BMSCs) were harvested and characterized by flow cytometry with FITC staining. Data indicated that the positive rates of CD90 and CD45 were 98.22 and 1.91%, respectively, indicating the high purity of the BMSCs. The P3 BMSCs were treated with EA for 15 or 30 min daily for 7 or 14 days. Using optical microscopy and transmission electron microscopy, we found that EA induced morphological changes in the BMSCs, displaying typical morphology of early chondrocytes. In addition, we found that the cytoplasm and extracellular matrices were metachromatically stained by toluidine blue in the treated cells in a dose-dependent manner, indicating that EA treatment resulted in the expression of glycosaminoglycan. Furthermore, upon immunohistocytochemical staining and Western blotting, we found that EA treatment significantly and dose-dependently induced expression of chondrocyte-specific matrix protein type II collagen, which may have been mediated by the transcription factor Sox9, as the mRNA expression of Sox9 was found to be significantly increased after EA treatment. Taken together, these results suggest that EA can be employed as a novel non-drug-inducing method for the differentiation of BMSCs into chondrocytes.
Introduction
Bone marrow mesenchymal stem cells (BMSCs) are multipotent stem cells derived from the mesoderm, which are capable of transdifferentiation and differentiation into osteoblasts, chondrocytes, adipocytes, myoblasts and neural cells, and are the favored seed cells for repairing joint and cartilage defects and for other tissue engineering applications (1) (2) (3) . It has been documented that BMSCs are characterized by several phenotypes, including antigens such as CD90 + , SH2 + , SH3 + , CD44 + , CD29 + , CD71 + , CD106 + , CD120a + and CD124 + , but not by other hemopoietic surface markers, such as CD45, CD1lb, CD14, CD34 and CD31 (4) . Thus, the purity of BMSCs can be preliminarily measured by flow cytometry or immunocytochemical analysis with positive staining of CD90 and CD45 (5) .
Methods which effectively induce the committed differentiation of stem cells has become the focus of tissue engineering development. An effective and safe modality of induction is valuable since potential safety concerns have arisen as a result of the previous differentiation of BMSCs induced by agents (6, 7) .
Acupuncture, which has been used for the treatment of various types of diseases in Eastern countries for thousands of years, is currently gaining acceptance as an alternative medicine in Western countries (8, 9) . Electroacupuncture (EA) is a modified acupuncture technique that utilizes electrical stimulation. Previous studies have demonstrated that EA has therapeutic effects on chondral defects including knee osteoarthritis (10) (11) (12) and produces cytokines with multiple biological activities in various types of diseases (13) (14) (15) . In addition, animal experiments have shown that EA enhances BMSC differentiation into neuronal cells (16) . However, the effects of EA on the differentiation of BMSCs into chondrocytes, have not yet been reported.
To seek an effective and safe way to induce the differentiation of BMSCs into chondrocytes and justify the efficacy of EA in the treatment of chondral defects, in the present study, we isolated and purified BMSCs from Sprague-Dawley (SD) rats and evaluated the effects of EA on the differentiation of BMSCs into chondrocytes, and investigated its underlying molecular mechanism. Isolation, purification and culture of BMSCs. SD rats were sacrificed using cervical dislocation, and the bilateral femora and tibiae were sterilely retrieved. Bones were rinsed with 75% ethanol for 3-5 min, and marrow cavities were rinsed with DMEM containing 15% FBS. Cells were cultured in 25-ml culture flasks at a density of 1x10 5 cells/ml in 5 ml DMEM containing 15% FBS at 37˚C and 5% CO 2 (named P0). The culture media were refreshed 72 h later and subsequently at an interval of 3 days. The cells were subcultured at 80-90% confluency, sequentially named P1, P2 and P3. Nucleated cells were counted with a hemocytometer, and the cell density was adjusted for further experiments.
Materials and methods

Reagents
Detection of surface antigens CD45 and CD90 in P3 BMSCs. The P3 BMSCs were harvested and incubated with saturated CD45-FITC and CD90-FITC monoclonal antibodies at room temperature in the dark for 25 min and were analyzed by flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA). Mouse IgG-FITC was used as an isotype control.
EA stimulation. As shown in Fig. 1 , a pair of platinum links was set in 25-ml culture flasks or 3.5-cm Petri dishes. As one of them was sufficiently wide and long, based on the Gauss theorem, we concluded that the culture solution was affected by a uniform electric (UE) field, neglecting the edge. Therefore, the cells were able to receive a homogeneous effect. The platinum links were then connected to an electrical stimulator (Suzhou Medical Appliance Factory Co., Ltd., China) and stimulated electrically with low-frequency EA of 2 Hz with square-wave burst pulses (duration 1.1 sec) and a burst frequency of 100 Hz (duration 2.2 sec) with alternating polarity. The intensity of the output voltage was 17.3 V and the pulse width was shorter than 1 msec. The acupuncture stimulation was applied for 15 or 30 min, daily. Cell treatment. P3 BMSCs were digested with 0.25% trypsin and incubated in 25-ml culture flasks at a density of 1x10 5 cells/ ml in 5 ml medium and in 3.5-cm Petri dishes at a density of 1x10 5 cells/ml in 2 ml medium for 24 h. Cells subsequently received EA treatment daily for 15 or 30 min daily for 7 or 14 days.
Observation of morphological changes. P3 BMSCs were seeded into 25-ml culture flasks at a density of 1x10 5 cells/ml in 5 ml medium. The cells were treated with EA for 15 or 30 min daily for 7 or 14 days. Cell morphology was observed using a phase-contrast microscope (Olympus, Japan) and transmission electron microscopy (TEM) (Hitachi, Ltd., Japan). Images were captured at a magnification of x100 for phase-contrast microscopy or x13,000 or x18,000 for TEM.
Toluidine blue staining and analysis of positivity. P3 BMSCs (2x10 5 ) were seeded into 3.5-cm Petri dishes set with a coverslip in 2 ml medium and treated with EA for 15 or 30 min daily for 14 days. The expression of glycosaminoglycan was observed using toluidine blue staining. Images were captured at a magnification of x100, and the positivity was analyzed using the Motic Med 6.0 Digital Medical imaging analysis system.
Immunohistocytochemical staining and analysis of positivity. P3 BMSCs (2x10 5 ) were seeded into 3.5-cm Petri dishes set with a coverslip in 2 ml medium and treated with EA for 15 or 30 min daily for 14 days. The expression of type II collagen was observed using immunocytochemical staining. Images were captured at a magnification of x100, and the positivity was analyzed using the Motic Med 6.0 Digital Medical imaging analysis system.
Western blot analysis. P3 BMSCs were seeded into 25-ml culture flasks at a density of 1x10 5 cells/ml in 5 ml medium. The cells were treated with EA for 15 or 30 min for 14 days. The treated cells were lysed with mammalian cell lysis buffer containing protease and phosphatase inhibitor cocktails, and the lysates were resolved in 12% SDS-PAGE gel and electroblotted using the iBlot Western detection stack/iBlot dry blotting system (Invitrogen). The PVDF membranes were blocked with Blocking Solution for 1 h and rinsed with water three times, 5 min each time, followed by incubation with Primary Antibody Solution (1:4,000) for 60 min and rinsed with Prepared Antibody wash three times, 5 min each time. The membranes were then incubated with Secondary Antibody Solution (1:2,500) for 30 min and rinsed with prepared Antibody Wash three times, 5 min each time. Finally, the antibody-bound protein bands were detected with ECL, and images were captured using the P-14 automatic processor (Suzhou Proud Precision Machinery Co., Ltd., China). Using ß-actin as an internal control, the grayscale value ratio of the target protein to the internal control was used to measure the relative amount of collagen type II.
RNA extraction and RT-PCR analysis. P3 BMSCs were seeded into 25-ml culture flasks at a density of 1x10 5 cells/ml in 5 ml medium. The cells were treated with EA for 15 or 30 min daily for 14 days. Total RNA from the BMSCs was isolated with Trizol reagent (Invitrogen). Oligo(dT)-primed RNA (1 μg) was reverse-transcribed with SuperScript II reverse transcriptase (Promega) according to the manufacturer's instructions. The obtained cDNA was used to determine the mRNA amount of Sox9 by PCR. ß-actin was used as an internal control. The primers used for amplification of Sox9 and ß-actin transcripts are as follows: Sox9 forward 5'-AGC CCT GGT TTC GTT CT-3' and reverse 5'-CTG CTC GTC GGT CAT CTT-3'; ß-actin forward 5'-ACT GGC ATT GTG ATG GAC TC-3' and reverse 5'-CAG CAC TGT GTT GGC ATA GA-3'. The DNA bands were examined using a Gel Documentation system.
Statistical analysis.
All data represent the means of three determinations, and data were analyzed using the SPSS package for Windows (version 13.0). Statistical analysis of the data was carried out with the Student's t-test and ANOVA. Differences with P<0.05 were considered statistically significant.
Results
Expression of BMSC surface antigens. It has been documented that BMSCs are characterized by several phenotypes, including antigens such as CD90, but not by other hemopoietic surface markers, such as CD45 (4). Thus, the purity of BMSCs can be preliminarily measured by positive staining of CD90 and CD45 (5). As shown in Fig. 2 , the positive rates of CD90 and CD45 in P3 BMSCs were 98.22 and 1.91%, respectively, indicating the high purity of BMSCs, which provided the experimental basis to investigate the effect of EA on the differentiation of BMSCs into chondrocytes.
Effects of EA on cell morphology. To study the effects of EA on changes in cell morphology, daily observation using optical microscopy was carried out. Fig. 3A and D show that on day 7 or 14 after the routine culture, most P3 BMSCs exhibited a long spindle shape. After EA treatment, the shape of the cells shifted from a spindle to a polygon. As shown in and B, control cells exhibited a long spindle shape, with a reduced cell content. The cells contained less cytoplasm and fewer organelles, consisting mainly of mitochondria and endoplasmic reticulum. The karyoplasms were comparatively larger, and the nuclei exhibited a near-oval shape. Euchromatin was frequently visible in the nuclear matrices while heterochromatin was less visible. The nucleoli present were larger and nuclear-deviated. As shown in Fig. 4C and D, most EA-treated cells exhibited a near oval shape with more variable cell processes. The cells contained more cytoplasm, in which smooth endoplasmic reticula were abundant and mature, with markedly dilated cisternae and more glycogen particles and a few secretory vesicles; mitochondria and lysosomes were also visible. The nuclear-cytoplasmic ratio decreased, and the nuclei exhibited a moderate or a smaller size, mainly near-oval in shape and occasionally band-like or irregular in shape. Euchromatin was frequently visible in the nuclear matrices, and heterochromatin was mainly located adjacent to the nuclear membrane, with larger nucleoli in some nuclei. These data together suggest that EA induces morphological changes in BMSCs, displaying typical morphology of early chondrocytes. (C and D) , and ultrastructural changes, compared to the control cells (A and B), were observed using transmission electron microscopy. Images were captured at a magnification of x13,000 or x18,000. Images are representative of three independent experiments. N, nuclei; Nr, nucleoli; RER, rough endoplasmic reticula; G, secretory granules; P, processes; arrowheads, cisternae.
Effects of EA on glycosaminoglycan expression.
Glycosaminoglycan exists in the cytoplasm and extracellular matrices of chondrocytes, but not in BMSCs (18, 19) . Toluidine blue stain is a heterophilic dye, and polysaccharides including glycosaminoglycan can be stained by toluidine blue. To determine the effect of EA on the differentiation of BMSCs into chondrocytes, we examined the expression of glycosaminoglycan by toluidine blue (Fig. 6) . Moreover, Western blotting showed that the EA treatment significantly and dosedependently induced expression of the chondrocyte-specific matrix protein type II collagen (P<0.01) (Fig. 7) . These data together confirm that EA induces differentiation of BMSCs into chondrocytes.
Effects of EA on Sox9 mRNA expression. Sox9 has been reported to be a critical transcription factor involved in the regulation of chondrogenesis. During chondrogenesis in the mouse, Sox9 is co-expressed with Col2a1, the gene encoding type ll collagen, the major cartilage matrix protein (22, 23) which demonstrates that Col2a1 expression is directly regulated to Sox9 protein in vivo and implicates abnormal regulation of Col2a1 during chondrogenesis as a cause of skeletal abnormalities associated with campomelic dysplasia. To investigate the mechanism by which EA treatment regulates the expression of type II collagen, we examined Sox9 mRNA by RT-PCR. As shown in Fig. 8 , EA treatment significantly and dose-dependently promoted the expression of Sox9 mRNA (P<0.01), suggesting that EA-induced expression of type II collagen is mediated through the effective up-regulation of Sox9.
Discussion
BMSCs have been established as seed cells and gene vectors available for the replacement therapy of multiple disorders, and their in vitro isolation and culture is already well developed (24) (25) (26) (27) . However, development of methods able to induce the committed differentiation of stem cells, has become the focus of tissue engineering development. Thus, an effective and safe modality of induction is valuable since potential safety concerns have arisen from the previous differentiation of BMSCs induced by agents (9, 10) .
In this study, we demonstrated that EA treatment can successfully induce BMSCs into chondrocytes. After EA treatment, the cell morphology shifted significantly from a spindle to a polygon shape. TEM revealed that the rough endoplasmic reticula and other organelles were more abundant and better developed in the EA-treated cells than in the untreated cells, with markedly dilated endoplasmic reticula, indicating enhanced cell metabolism. Nuclear morphology was mostly near-oval, with occasional band-like or irregular shapes, suggesting the differentiation of BMSCs into various cell phenotypes consistent with the multipotent differentiation of BMSCs. In the present study, some induced cells did not present typical structures of mature chondrocytes. This could have been due to some cells remaining in an undifferentiated state, due to inadequate treatment by EA. The mechanism involved needs further investigation.
In addition, we found that the cytoplasm and extracellular matrices were metachromatically stained by toluidine blue in the treated cells in a dose-dependent manner, and EA treatment dose-dependently and significantly induced the expression of type II collagen protein. These morphological findings justified the differentiation of BMSCs into chondrocytes by EA and suggest that EA treatment induces secretion by BMSCs of chondrocyte-specific matrices of glycosaminoglycan and type II collagen. Western blotting further confirmed that EA treatment promoted the protein expression of type II collagen in a dose-dependent manner. Additionally, the non-induced cells also expressed minimal type II collagen, possibly from spontaneous chondrocyte differentiation at some locations with higher cell density in the culture (28) . Many transcription factors participate in the course of the differentiation of BMSCs into chondrocytes. Sox9 is one of the most important factors, necessary in the regulation of BMSCs into progenitor cells and aggregation of MSCs. This process is not only essential for the expression of type II collagen (29) , but also regulates the expression of cell membrane protein which is vital in the process of the aggregation of MSCs. Moreover, Sox9 plays a role in the regulation of the further differentiation of chondrocytes, multiplicational chondrocytes into hypertrophic chondrocytes, which maintains the proliferation of chondrocytes and inhibits their differentiation into hypertrophic chondrocytes (30) . Therefore, in the present study, Sox9 was used as one of the indices to measure the effects of EA on the differentiation of BMSCs into chondrocytes. The RT-PCR assay of Sox9 mRNA showed that EA treatment promoted the expression of Sox9 mRNA in a dose-dependent manner, which was found to be generally synchronized with the EA frequency shift cycle and respiratory rhythm and associated with the window effects of an electrical field on cell behavior (31) . The concrete mechanisms of action remain unknown, as they have not yet been investigated. The expression of Sox9 mRNA increased with time in a statistically significant manner (P<0.05), indicating the potential cumulative effects of stimulatory EA on cells through an unknown mechanism. Based on the above results, we conclude that the expression of type II collagen was mediated through the promotion of Sox9, consistent with a previous study (23) . However, it is still unknown whether EA treatment induces the differentiation of BMSCs into late stage chondrocytes. Transcription factor Runx2 is expressed in the late stage of chondrogenesis, mainly expressed during chondrocyte hypertrophy, which promotes collage X expression, a hypertrophic chondrocyte marker. Therefore, expression of Runx2 and type X collagen will be investigated by us in a subsequent study.
In summary, daily interference with low-frequency EA of 2 Hz with square-wave burst pulses (duration 1.1 sec) and a burst frequency of 100 Hz (duration 2.2 sec) with alternating polarity significantly and dose-dependently induced the differentiation of BMSCs into early stage chondrocytes in vitro and the secretion of glycosaminoglycan and type II collagen, which was mediated by the transcription factor Sox9.
